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ABSTRACT Quinone reductase [NAD(P)H:(quinone ac-
ceptor) oxidoreductase, EC 1.6.99.2], also called DT diapho-
rase, is a homodimeric FAD-containing enzyme that catalyzes
obligatory NAD(P)H-dependent two-electron reductions of
quinones and protects cells against the toxic and neoplastic
effects of free radicals and reactive oxygen species arising
from one-electron reductions. These two-electron reductions
participate in the reductive bioactivation of cancer chemo-
therapeutic agents such as mitomycin C in tumor cells. Thus,
surprisingly, the same enzymatic reaction that protects nor-
mal cells activates cytotoxic drugs used in cancer chemother-
apy. The 2.1-A crystal structure of rat liver quinone reductase
reveals that the folding of a portion of each monomer is similar
to that of flavodoxin, a bacterial FMN-containing protein.
Two additional portions of the polypeptide chains are involved
in dimerization and in formation of the two identical catalytic
sites to which both monomers contribute. The crystallo-
graphic structures of two FAD-containing enzyme complexes
(one containing NADP*, the other containing duroquinone)
suggest that direct hydride transfers from NAD(P)H to FAD
and from FADH; to the quinone [which occupies the site
vacated by NAD(P)H] provide a simple rationale for the
obligatory two-electron reductions involving a ping-pong
mechanism.

Quinone reductase [NAD(P)H:(quinone acceptor) oxido-
reductase, EC 1.6.99.2, QR] is a widely distributed FAD-
containing protein (1, 2) that catalyzes nicotinamide nucle-
otide-dependent reductions of quinones, quinoneimines, azo
dyes, and nitro groups (2). Induction of QR (3, 4) protects
against the toxic and neoplastic effects of quinones. Measure-
ment of inducer potency has been used to isolate anticarcino-
gens (5) and to design chemoprotectors (6). Protection by QR
is conferred by catalysis of obligatory two-electron reductions
(7) that divert quinones from redox cycling, from reacting with
critical nucleophiles, and from depleting sulfhydryl groups (4,
8). QR also reductively activates important chemotherapeutic
quinones such as mitomycins and aziridylbenzoquinones (9).
Thus, since levels of QR are often elevated in tumors, the
selective susceptibility of tumors to such agents (10, 11)
provides the opportunity for designing improved chemother-
apeutic agents that are more efficiently activated by QR (9).

QR has been crystallized from mouse and rat liver and the
Walker rat tumor. Preliminary x-ray diffraction data have been
reported (12-15). The catalytic properties (2, 15, 16), physio-
logical functions (2), and transcriptional regulation of QR have
been studied extensively (17, 18). QR is a dimer of identical
subunits, each comprising 273 amino acids; the FAD prosthetic
group in each subunit is noncovalently attached but remains
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Table 1. X-ray data collection and analysis
Unique
Resolu-  reflections,*  Complete-
Data set tion, A no. ness, % Rumerget

Native

Complex I# 24 23,775 (2.3) 89.8 5.0

Complex II§ 2.1 35,123 (4.5) 88.1 5.5
Derivative

Hg(CN). 24 22,943 (2.2) 86.0 7.5

C;H;sHgCl1 24 23,593 (2.7) 879 6.0

K>PtCly 2.4 18,959 (2.6) 85.6 6.0

*Numbers in parentheses, ratio of measurements to unique reflec-
tions.

TRmerge = ZuZillni — (In)l/ZnZillnil, (I) average intensity from multiple
measurements.

iComplex I: QR complex with FAD, Cibacron blue, and duroquinone.

§Complex II: QR complex with FAD and NADP*.

bound during catalytic cycling; NADH or NADPH cycle in and
out of the enzyme and must be released from the enzyme before
substrate can bind; no products of one-electron reductions arise;
the enzyme is inhibited by Cibacron blue (§15, 19) and by
dicumarol, warfarin, and other anticoagulants.3 Understanding
the catalytic mechanism of QR requires detailed structural
information, which is also crucial to clarifying the mechanism
responsible for the obligatory two-electron reductions.

We have determined the crystal structure of rat liver QR by
x-ray diffraction to 2.1-A resolution (Tables 1-3).7 Structures
were determined and- refined for two FAD-containing com-
plexes of the same crystal form (I2): complex I, containing
Cibacron blue (a potent inhibitor) and tetramethyl-1,4-
benzoquinone (duroquinone); and complex II, containing
NADP*.

MATERIALS AND METHODS

QR was purified from rat livers by Cibacron blue affinity
chromatography (15). Crystals were obtained by the hanging
drop method. Protein solutions (~10 mg/ml) were equili-
brated by vapor diffusion and crystals were grown from
solutions containing 1.45 M ammonium sulfate, 0.5% poly-
ethylene glycol 8000, 30 mM Cibacron blue [pure ring A
o-sulfonate (19)], and 150 mM imidazole (pH 7.0). These
crystals belong to space group P2, and contain four monomers

Abbreviation: QR, quinone reductase.

+To whom reprint requests should be addressed.

$In addition to roles in cancer chemoprotection and chemotherapy,
QR may reduce vitamin K oxide as part of the coagulation cascade
(20). Inhibition by dicumarol and warfarin suggests that the QR
structure may be used to design more effective anticoagulants.

¥The atomic coordinates and structure factors have been deposited in
the Protein Data Bank, Chemistry Department, Brookhaven Na-
tional Laboratory, Upton, NY 11973 (reference 1QRD).
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Table 2. Phasing statistics

Isomorphous
difference,* Phasing
Derivative % Reentric' powert
Hg(CN),
(1.0 mM, 32 days) 20.0 0.52 2.1
C;HsHgCl
(saturated, 20 days) 25.0 0.61 1.8
K,PtCly
(1.0 mM, 18 days) 12.4 0.88 0.7

The average figure of merit of the multiple isomorphous replace-

ment phases is 0.61.

*Mean fractional isomorphous difference = Z|Fpu — Fp|/Z4|Fpl,
where Fp = protein structure factor amplitude, Fpy = heavy atom
derivative structure factor amplitude.

TReentric = Zh|(|Fpr — Fe| — |ful)|/Z4/Fpu — Fp, for centric reflections,
where fy = heavy atom structure factor amplitude.

Phasing power = (|fus|/E)rms, Where E = residual lack of closure error.

in the asymmetric unit (13). The 12 crystal form used in all
studies (@ = 720 A, b = 107.0 A, ¢ = 884 A, B = 92.6°),
containing two monomers in the asymmetric unit, was ob-
tained by soaking P2, crystals in 2.8-3.0 M ammonium suc-
cinate containing 60 mM duroquinone (complex I). Soaking
complex I crystals in 2.8-3.0 M ammonium succinate with 10
mM NADP+, in the absence of Cibacron blue or duroquinone,
provided complex II. Heavy atom derivatives were prepared by
soaking crystals in mother liquors containing 1 mM heavy
atom compounds (Table 1). Data were collected with a
Siemens multiwire area detector with CuKa radiation from a
Rigaku rotating anode generator with a graphite monochro-
mator. Frames were integrated and scaled by xXDs (21, 22).
Derivative and native data, as well as most of the multiple
isomorphous replacement calculations, were carried out with
ccCP4 (23). Solvent flattening was performed with the package
of Wang (24) and map averaging and phase combination with
an in-house program (25). Models were built with the pro-
grams “0” (26) and CHAIN (27) on Silicon Graphics Worksta-
tions. Structures were refined using X-PLOR (28) (Table 3).
Color figures were drawn with SETOR (29).

RESULTS AND DISCUSSION

Overall Structure. The two monomers in the asymmetric
unit of rat liver QR crystals (I2 form) are related by a local
two-fold axis of symmetry but unexpectedly do not constitute
the physiological dimer. The latter is formed by two monomers
related by a crystallographic two-fold axis of symmetry.

Each subunit contains two separate domains: a major,
catalytic domain (residues 1-220) folded in a predominantly
a/PB structure and a small, C-terminal domain (residues 221-
273) (Fig. 1). The two-domain structure is compatible with
proteolytic digestion experiments (30). The overall folding of
the catalytic domain resembles that of other flavoproteins: a

Table 3. Refinement statistics

Complex I Complex II
Reflections 21,737 31,541
(6.0t0 24 A, (6.0t02.1A4,
F > 20%) F > 205)
Non-hydrogen atoms 4,612 4,612
Solvent atoms 48 48
R value 0.189 0.199
Average B factor 20.0 A2 24.0 A2
Deviation from ideality
Bond lengths 0.018 A 0.017 A
Bond angles 3.12° 3.08°
Improper torsions 2.86° 2.05°
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FiG. 1. Secondary structure elements of quinone reductase. (a)
a-Helices, blue rectangles; B-sheets, red arrows; loops, black lines.
Helices and strands are numbered as in Clostridium flavodoxin;
additional helices and strands are labeled consecutively starting at 6.
(b) Elements of secondary structure are color coded: strands, red;
a-helices, blue; loops, black.

twisted central parallel B-sheet surrounded on both sides by
connecting helices (Fig. 2). The C-terminal domain contains
an antiparallel hairpin motif followed by one helix and several
loops. Surprisingly, the exact topology of the catalytic domain
differs from that found in other FAD-containing proteins but
resembles the topology of Clostridium flavodoxin (31), an
FMN-containing protein without significant sequence identi-
ty.l When the structures of QR and Clostridium flavodoxin are
aligned, 80 a-carbons superimpose with an rms deviation of 1.8
between the two molecules (program ALIGN; ref. 32). Within
this portion of the structure, QR has a 40- to 45-residue
insertion comprising a B—a—B motif that connects strand 2 to
helix 2, which are directly connected in flavodoxin (31).
FAD Binding Site. The positions of the flavin in QR and in
Clostridium flavodoxin are similar. The isoalloxazine moiety
interacts with residues in loops at one end of the molecule (L1
and L4 of one monomer and L3 and L5 of the other monomer).
The aromatic residues Tyr'®, Trp'%5, Phe!%, and the main
chain of Leu!® interact directly with the rings and anchor the
isoalloxazine moiety. The two oxygen atoms of the flavin ring
(O2F and O4F)** form hydrogen bonds with main chain NH
groups of the protein: O4 with Phel% and O2 with Gly'*° (Fig.
3). The ring nitrogens also form hydrogen bonds with NH
groups of the protein: N1F with Gly'*® and N5F with Trp!%.
Two residues from one monomer—Tyr!* and Trp'®—and

ISince the ping-pong mechanism requires binding of flavin and either

NAD(P)H or substrate, QR resembles electron carriers like fla-

vodoxin rather than those flavoenzymes that simultaneously bind

both nicotinamide nucleotides and substrates.

**The atoms in each portion of the cofactors are designated by letters
that identify the ring to which they belong: F, flavin; A, adenosine
of FAD; and N, nicotinamide-ribose.
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F1G. 2. Overall fold of QR projected onto the approximate plane
of the twisted B-sheet.

four residues from the other monomer—Ile>?, Tyr¢’, Pro®, and
the main chain of Glu!'’—form a pocket for the two methyl
groups of the isoalloxazine ring.tt Ribitol interacts with the
side chains of the loop connecting strand 3 and helix 3. 02’ and
O3’ of the ribitol are hydrogen bonded to the main chain
carbonyl of Leu!®® and the side chain OH group of Thr'47,
respectively. The diphosphate of the cofactor is positioned at
the N terminus of helix 1, close to the loop connecting strand
1 to helix 1. The two phosphates make several specific contacts
with groups in the protein: OP1F forms a hydrogen bond with
the main chain NH of Asp!® at the N terminus of helix 1, and
OP2F with the Ne of His!l. A water molecule, hydrogen
bonded to the OH of Tyr!%, makes hydrogen bonds with O3'F
and OP2F. One oxygen atom of the adenine phosphate
(OP1A) is hydrogen bonded to the Ne of GInS6, The ribose is
bound by residues from helix 1 and by the loop connecting
strand 1 to helix 1. The adenine ring lies along helix 5 and
interacts most strongly with Arg?®. N3A (i.e., of FAD ade-
nine) forms a hydrogen bond with the guanidinium NH1 and
the ring makes contacts with the main chain and with CH,
groups of Arg?®. It also interacts with the main chain of
residues Thr!5, Ser!6, and Phe!” and with the side chains of
Ala? and Leu?**. FAD has the same position in both com-
plexes.

NADP* Binding Site. In complex II, the nicotinamide of
NADP™ and ring C of the isoalloxazine are stacked (Fig. 4), at

¥In mouse and human QR, Tyr!% is replaced by glutamine, which is
the only rat QR residue that contacts a ligand and is not conserved
in other species (33).

FiG. 3. Schematic representation of FAD/QR interactions, show-
ing residues involved in hydrogen bonds to the cofactor. W, water.
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FiG. 4. Electron density of FAD and NADP*. Electron density 2
F, — F. map in the region of the isoalloxazine and nicotinamide rings
showing stacking of the rings and position of the F178 phenyl ring
stacking on the other side of the nicotinamide.

an average distance between the planes of the two rings of
about 3.4 A. The binding site for NADP* involves both
residues of the same subunit that binds FAD and residues from
the other subunit of the dimer. (This is one of the arguments
used to identify the physiological dimer.) The carbonyl group
of the nicotinamide (O7N) makes two hydrogen bonds: one
with the OH of Tyr'? and the other with the OH of Tyr!2® of
the second monomer (Fig. 5). (More detailed analysis of 2F,
— F.and F, — F. maps suggests that the nicotinamide moiety
in complex II also exists in a minor alternative conformation
related by an 180° rotation around the bond between N1 of
nicotinamide and C1 of ribose.) The side chain of Phel78, also
of the second monomer, stacks against the nicotinamide ring.
The O2'N of the nicotinamide ribose makes a hydrogen bond
with the Ne of His!®! and the C3’N is in van der Waals contact
with the S of Met!%. The O3'N appears to interact with the
center of the aromatic ring of Tyr!?. His!®* is positioned to
form potential hydrogen bonds between its Ne atom and two
oxygens of the diphosphate. The AMP moiety interacts mainly
with the hairpin loop formed by strands 8 and 9 of the other
monomer (Fig. 6): the ribose makes contacts with Phe?? and
Phe?3¢ and the adenine moiety with the main chain of residues
in the loop. The main chain NH of Phe?*? forms a hydrogen
bond with one of the oxygens of the phosphate at the O2'A
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FiG. 5. Schematic representation of NADP+*/QR interactions
showing residues involved in hydrogen bonds to the cofactor.
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- — NADP'

FiG. 6. Superposition of cofactor, inhibitor, and substrate (combined
information from complexes I and IT). FAD is bound in the same position
in both complexes. NADP* (carbon, gray; oxygen, red; nitrogen, blue;
phosphorous, yellow) is in the position found in complex II. Duroquinone
(green) is in the position found in complex I; it fully overlaps the
nicotinamide ring of NADP* in complex II. Cibacron blue (blue) is in the
position found in complex I. Three of its four rings overlap the position
of the ADP of NADP* found in complex II.

position of adenine ribose. This hydrogen bond is not present
when NADH is the cofactor, which may explain the difference
in affinities between NADH and NADPH (15). The sequence
TTGGSGS (residues 147-153), which has been suggested as
part of the NADH binding site (15, 34, 35), is not involved in
any specific interactions with the dinucleotide, but the main
chain of these residues is apparently packed very close to both
cofactors: Gly'#? interacts with one ribitol oxygen of FAD and
makes a hydrogen bond with N1F, and Gly!*? interacts with
oxygen O4'N of the ribose adjacent to nicotinamide and with
OZ2F of the flavin. Similar to other nucleotide binding proteins
with this consensus sequence, the two glycines facilitate prox-
imity of the main chain and cofactors.

FiG. 7. Mechanism of quinone reductase. () Binding of NADP*
to QR. The position of C4N of the nicotinamide is 4.0 A from the N5F
of the flavin. (b) Binding of duroquinone to QR. The quinone is in an
optimal position to receive a hydride from the FADH; (FAD repre-
sented here).
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FiG. 8. Mechanism of the obligatory two-electron reduction of
benzoquinone (Q) by QR. The overall reaction is: NADH + Q + H*
— NAD* + QH..

Duroquinone (Tetramethyl-1,4-benzoquinone) and Ciba-
cron Blue Binding Sites. In complex I, duroquinone (a
substrate) occupies a position very similar to that of the
nicotinamide ring of NADP* in complex II (Fig. 6). It stacks
with the isoalloxazine ring (distance between the two rings,
3.4 A) and one of its oxygens forms hydrogen bonds with the
OH groups of Tyr!26 and Tyr'?8. Cibacron blue fully overlaps
the position occupied by the rest of the NADP* (the ribose,
phosphate, and adenosyl groups) in complex II but does not
interfere with quinone binding. Cibacron blue and the AMP
moiety of NADP™ interact very similarly with the enzyme, as
expected since the dye binds to proteins with nucleotide
binding sites. Three of the ring systems of Cibacron blue (B,
C, and D) play important roles in mimicking AMP binding##
(Fig. 6). The observed binding explains the pattern of
inhibition of QR by Cibacron blue: competitive with respect
to NADH and noncompetitive with respect to quinone (15,
19).

Bound Conformations and Mechanism. If oxidized nico-
tinamide of NADP* is used to model the position of the ring
in the reduced form, the structure is ideal for a direct hydride
transfer from NAD(P)H to FAD, in the first half of the
reaction cycle: C4 of the nicotinamide is 4.0 A from N5 of
flavin (Fig. 7a). The nicotinamide is in the syn conformation
around the glycosidic bond, with the flavin stacking on its endo
side (36). The isoalloxazine is in the anti conformation with the
dimethylbenzene ring pointing away from the ribose. In this
orientation the 4-pro-S hydrogen (B-side) of the reduced
nicotinamide can be transferred as a hydride to the re-face of

#In complex I, the anthraquinone ring (D; see ref. 19) of Cibacron
blue occupies a position very similar to that of the adenine and ribose
of NADP+ in complex II: it interacts with the main chain of the loop
connecting strands 8 and 9. The sulfonate of ring D makes a
hydrogen bond to the NH of Phe232. The NH connecting rings D and
Cis hydrogen bonded to the main chain NH of Tyr!28. The ring itself
interacts with the side chains of Phe?2 and Phe?. The NH
connecting ring C to ring B is hg;drogen bonded to His!®¢. Ring B
stacks on the side chain of Tyr!?6. Ring A does not make contacts
with the protein, consistent with inhibitor kinetics (19).
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the flavin N5F.88 As mentioned above, the N1F is hydrogen
bonded to the NH of Gly!49. Since no groups can donate a
proton to compensate a charge if it develops on NI1F (as
commonly proposed for other systems), the most likely tau-
tomer is the enol form with the negative charge at O2F (Fig.
8). Because O2F is already the acceptor atom of a hydrogen
bond with Tyr!S5, this tautomer can receive the proton from
the OH of Tyr'*5, which can, in turn, be stabilized by the
positive charge of (or the transfer of a proton from) His!6! (Fig.
7a). Replacement of Tyr'5S by site-directed mutagenesis pro-
duced mutant enzymes that showed decreased but still signif-
icant enzymatic activity (34). The imidazole of His!¢! is close
to the nicotinamide (Fig. 7a), so the net effect of this step (in
addition to transfer of the hydride from nicotinamide to
isoalloxazine) is movement of a positive charge over a very
short distance from the imidazole ring of His!6! to the nico-
tinamide. This process is reversed when the hydride is trans-
ferred to the quinone.

Binding of substrate cannot occur until NAD(P)* is released
because the quinone and the nicotinamide share the same site,
thus accounting for the ping-pong mechanism. The quinone
binds to the vacated site in an orientation ideally suited to
accept a hydride from FADH, (Fig. 7b). The quinone is
reduced by the hydride to the singly ionized hydroquinone
(hydroquinolate), and the isoalloxazine is oxidized to the
quinonoid form. The proton on O2F is transferred back to the
OH of Tyr!%5. The imidazole ring of His!®! becomes fully
protonated again and can either transfer a proton to the
hydroquinolate or simply stabilize its negative charge (Fig. 8).
In addition to hydride transfer, the second half of the reaction
transfers a proton from the O2F (accepted in the first half of
the reaction) to the hydroquinolate.

In conclusion, the structure clearly explains how QR pro-
motes obligatory two-electron reductions: both halves of the
reaction involve hydride transfers—first from NAD(P)H to
FAD and then from FADH; to the quinone.¥¥ The charge
relay formed by Tyr!55 and His!6! allows the reaction to take
place without unfavorable charge separations.

$8Lee et al. (37) reported that the hydride transfer from NADH and
NADPH by rat liver QR occurs with pro-4R (A-side) stereospeci-
ficity. This finding is only compatible with the alternative nicotin-
amide orientation (above), which may be catalytically competent.

9This mechanism suggests that replacement of FAD by 5-deaza-FAD
should retain enzymatic activity, in agreement with recent experi-
ments (38). The transfer of a hydrogen atom followed by very rapid
transfer of one electron is also possible.
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